T lymphocytes and B lymphocytes are present in jawed vertebrates, including cartilaginous fishes, but not in jawless vertebrates or invertebrates. The origins of these lineages may be understood in terms of evolutionary changes in the structure and regulation of transcription factors that control lymphocyte development, such as PU.1. The identification and characterization of three members of the PU.1 family of transcription factors in a cartilaginous fish, Raja eglanteria, are described here. Two of these genes are orthologs of mammalian PU.1 and Spi-C, respectively, whereas the third gene, Spi-D, is a different family member. In addition, a PU.1-like gene has been identified in a jawless vertebrate, Petromyzon marinus (sea lamprey). Both DNA-binding and transactivation domains are highly conserved between mammalian and skate PU.1, in marked contrast to lamprey Spi, in which similarity is evident only in the DNA-binding domain. Phylogenetic analysis of sequence data suggests that the appearance of Spi-C may predate the divergence of the jawed and jawless vertebrates and that Spi-D arose before the divergence of the cartilaginous fish from the lineage leading to the mammals. The tissue-specific expression patterns of skate PU.1 and Spi-C suggest that these genes share regulatory as well as structural properties with their mammalian orthologs.
L
ymphocytes, as defined by expression of the rearranging antigen receptor (Ig) or T cell receptor genes, are found in all of the major classes of jawed vertebrates including the cartilaginous fishes. Although cells with lymphocyte-like morphology exist in jawless vertebrates such as the lamprey (reviewed in refs. 1 and 2), numerous attempts to identify Ig and T cell receptor genes in these animals have been unsuccessful (3, 4) . Until other molecular criteria can be applied, the question will remain open as to whether or not the lymphocyte-like cells in jawless vertebrates are homologous to lymphocytes in jawed vertebrates. The failure to identify cells with lymphocyte-like morphology in other deuterostomes such as ascidians and echinoderms restricts the timing of the emergence of lymphocytes to the base of the vertebrate lineage. This time frame also corresponds to the time at which two rounds of at least partial genome duplication are hypothesized to have occurred (5, 6) . These duplication events presumably created a large pool of genes that were free to diverge and assume new functions and expression patterns. In support of this theory, vertebrate gene families often contain three to four members for each invertebrate member (5, 7, 8) . It is possible that the duplication and divergence of certain key gene families in the vertebrate lineage facilitated the emergence of specialized cell types, such as lymphocytes. To test this theory in a gene family that may have been crucial for the emergence of lymphocytes, we have defined the phylogenetic distribution and expression patterns of the PU.1 transcription factor family.
The members of the PU.1 transcription factor family belong to a divergent subclass of the Ets transcription factor family. Whereas the Ets family is found throughout the metazoans, the PU.1 family members have been identified only in vertebrates (9-13). Three members of the PU.1 family have been described thus far, and their expression is largely restricted to hematopoietic cells and tissues. PU.1͞Spi-1 itself is essential for normal development of T cells, B cells, macrophages, and granulocytes in the mouse (14, 15) . Spi-B is expressed primarily in the B lineage (16) and is necessary for both B cell activation and germinal center formation (17) . Spi-C͞Prf, a very divergent member of the PU.1 family, is expressed in B cells but also at lower levels in macrophages (12, 18) . The critical roles of these genes in lymphocyte development suggest that one or more of them should be present in all animals with lymphocytes. The role of PU.1 in myeloid development also suggests that its functions may predate the appearance of lymphocytes, as phagocytic cells are widespread throughout the metazoans. However, no PU.1 family member has been identified thus far using PCR (19) or sequence searches (data not shown) in representative nonvertebrate deuterostomes or protostomes, despite the large genomic databases that now exist for Drosophila and Caenorhabditis elegans.
Therefore, investigations into the evolutionary history of the PU.1 family, which may have arisen suddenly in the vertebrate lineage, may provide a better understanding of the origins of vertebrate hematopoiesis. Furthermore, the identification of PU.1 family homologs in jawless vertebrates and other deuterostomes will provide potential markers for identifying cells that share a common ancestor with hematopoietic stem cells in mammals. Toward these ends, we have initiated a search for members of the PU.1 family in a cartilaginous fish (skate) and a jawless vertebrate (lamprey). We report here the sequences and expression patterns of three PU.1 family members in the skate, one of which appears to be an additional family member not represented by a known ortholog in mammals.
Materials and Methods
Library Screening. The complete coding sequence of mouse PU.1 was PCR-amplified from a full-length mouse cDNA. The gelpurified PCR product was radiolabeled and used to screen a clearnose skate (Raja eglanteria) spleen cDNA library constructed in the ZAPII vector (Stratagene) as described (20) , under low stringency conditions. Positive phage cores were plaque-purified, and plasmids were in vivo-excised according to the manufacturer's instructions. Plasmid DNA was prepared by using Qiagen Spin Miniprep columns (Qiagen, Chatsworth, CA). EcoRI fragments containing the entire coding regions of skate PU.1 and Spi-C were obtained from plasmid DNA by restriction digest, gel-purified, and radiolabeled as above. Mouse PU.1 and skate PU.1 and Spi-C probes were used to screen a sea lamprey (Petromyzon marinus) protovertebral arch cDNA library constructed in gt11 (Stratagene). cDNA inserts were subcloned from DNA into the pBluescript vector (Stratagene).
Sequence Analysis. DNA sequencing was performed by using the ABI Prism Dye Terminator Cycle Sequencing Ready Reaction Kit (Perkin-Elmer). Sequence analysis was performed by using the DNASIS software package (Hitachi, San Francisco, CA). Alignments were generated by using the CLUSTALW program (21) . The neighbor-joining tree was generated by using the ME TREE program (22), using proportions of differences as a distance measure.
Real-Time PCR Expression Analysis. One microgram of total RNA from each tissue was reverse-transcribed into cDNA using 5.5 mM MgCl 2 , 500 M of each dNTP, 2.5 M random hexamers, 0.4 unit͞l RNase inhibitor, and 1.25 units͞l MultiScribe reverse transcriptase (Perkin-Elmer). One microliter of each 100-l reaction was used in each PCR with 10ϫ SYBR green PCR buffer (25 mM MgCl 2 ͞2.5 mM dATP, dCTP, dGTP͞5.0 mM dUTP͞5 units per l AmpliTaq Gold͞300 nM of each primer). Reactions were run and analyzed by using the GeneAmp 5700 sequence detection system (Perkin-Elmer). Primer sequences were as follows (5Ј to 3Ј): PU.1, GAAGCAAAC-GAGCACTCTGCT and GATTCCTACTGTGTCTGCGCC; Spi-C, CCCCCTCTCCAGTATCTCCG and GAGATTGTG-CATGGAGTGCG; Spi-D, GGAGTCCGGAAGAAGGTTCG and CTTCAGCAGCTCCAGCAAGA. PCR products detected by SYBR green were compared with a standard curve for each primer combination generated using the appropriate plasmid DNA. To control for cDNA quality, each sample was amplified with 28S primers (23) 
Results

Three PU.1 Family Members Recovered from a Skate Spleen cDNA
Library. As a first step toward determining whether lymphocyte development in cartilaginous fish uses the same transcriptional networks that operate in mammalian lymphocytes, we screened a skate spleen cDNA library for homologs of PU.1 under low stringency conditions with a mouse PU.1 probe. Partial sequencing of 40 hybridizing clones indicated the presence of three PU.1-related classes of cDNA as defined by the DNA-binding domain. The longest representative cDNA of each of these classes was completely sequenced. As discussed in detail below, one of these classes most resembles PU.1, another most resembles Spi-C, and the third falls into a different class, which we refer to as Spi-D.
Phylogenetic Analysis of the Three PU.1 Subfamily Members in the Skate: PU.1, Spi-C, and Spi-D. Phylogenetic analysis was performed to classify the three skate PU.1 family homologs in the context of the other known PU.1 family members (see Fig. 1 legend) . An amino acid alignment of the Ets DNA-binding domains of representative vertebrate PU.1 family members and lamprey Spi was constructed. Mouse GABP␣ and Elf-5 sequences were used as an outgroup because their Ets domains are the most closely related to PU.1 outside the PU.1 family genes themselves. This alignment was used to build a neighbor-joining tree, shown in Fig. 1 . The topology of the tree does not change when mouse Ets-1 is used as an outgroup or when the tree is constructed without an outgroup (data not shown). These trees confirm that one of the skate sequences is an ortholog of PU.1, another is an ortholog of Spi-C, and the third, Spi-D, represents a different member of the PU.1 family. The clustering of Xenopus Spi-B (13) with skate Spi-D indicates that this Xenopus gene is likely an ortholog of Spi-D. The placement of the Spi-D genes in the tree implies that Spi-D diverged from the other PU.1 family members before the divergence of the cartilaginous fish from the other vertebrate lineages. Furthermore, the presence of Spi-D in both a cartilaginous fish and an amphibian provides additional evidence that it may be present in other vertebrates, including mammals.
All Known Functional Domains of Mouse PU.1 Are Conserved in Skate PU.1. An alignment of vertebrate PU.1 genes is shown in Fig. 2 . The entire coding sequence of skate PU.1 exhibits 61% overall amino acid identity with mouse PU.1. The Ets domains are exceptionally well conserved, with 92% identity at the amino acid level. Similarities also extend throughout the functional domains that have been rigorously mapped in murine PU.1 (reviewed in refs. 24 and 25) . The N-terminal transactivation domain can be subdivided into a weakly acidic domain, two strongly acidic domains (SA1 and SA2), and a glutamine (Q)-rich region. The Q-rich region is especially critical for macrophage development (26, 27) . All of the residues within these regions that are important in transactivation are conserved between mouse PU.1 and skate PU.1 (see Fig. 2 ). In the weakly acidic domain, four of four aspartic acids (D) and glutamic acids (E), which have been shown to be critical for in vitro transactivation function (28) , are conserved as either D or E (blue in Fig.  2 ), although this region exhibits only 50% identity overall. The strongly acidic regions exhibit five of five and four of four conservation of D and E as either D or E. Likewise, all of the glutamines in the Q-rich region are conserved between mouse PU.1 and skate PU.1 (red in Fig. 2 ). This region is 75% identical overall with a 100% conserved core from residues 74-90.
The length of the linker region between the transactivation domain and the PEST domain differs between mouse PU.1 and skate PU.1 and exhibits very low identity (10%). However, a core portion of the PEST domain (residues 132-151) is highly con- Fig. 1 . Neighbor-joining tree of Ets DNA binding domain amino acid sequences of vertebrate PU.1 family transcription factors. This tree was constructed by using the ME TREE program, using proportions of differences as a distance measure and excluding gaps. This method finds a phylogenetic tree and statistically similar trees likely to represent a minimum total genetic difference (branch length) among the genes. The value at each node represents the probability that that branch length is not zero. GenBank accession nos.: mouse PU.1, L03215; human PU.1, X52056; chicken PU.1, Y12225; teleost fish PU.1, AF247366; Xenopus Spi-B, AF247365; caiman Spi-B, AF247364; human Spi-B, X66079; monkey Spi-B, AF025395; lamprey Spi, AF247362; mouse Spi-C, AF025395; fish Spi-C, AF247367; mouse GABP␣, M74515; and mouse Elf-5, NM_010125.
served, exhibiting 85% amino acid identity. In PU.1, this domain is important for interaction of PU.1 with the IRF family member Pip (PU.1-interaction partner), which only binds to PU.1 if Ser-148 within the PEST domain is phosphorylated (29) . This interaction appears to be important for regulation of B-cell genes (30, 31) . Ser-148 (pink in Fig. 2) is conserved in the skate sequence as well as in all other jawed vertebrate PU.1 sequences. Fig. 3 . PU.1, Spi-B, and Spi-D homologs all exhibit strong conservation of the Ets domain and the core of the PEST domain, whereas Spi-C does not. Ser-148 also is conserved in PU.1, Spi-B, and Spi-D but not in Spi-C. Pip has been shown to bind to Spi-B as well as PU.1 (33), confirming its functional relevance. However, both Spi-B and Spi-D have fewer acidic residues per acidic domain than PU.1. Additionally, Spi-D has fewer glutamines per Q-rich region than PU.1, whereas human Spi-B has only two glutamines, and caiman Spi-B has no glutamines in this region (Fig. 4) . These differences indicate that the transactivation domains of PU.1, Spi-B, and Spi-D have diverged considerably, although they retain traces of a common ancestral gene.
Evolution of PU.1 Family Member Transactivation and Protein
Spi-C possesses not only the most divergent DNA-binding domain (see Fig. 1 ) but also a unique N-terminal region. The N-terminal regions differ significantly even between the Spi-C genes currently identified (mouse, fish, and skate) (Fig. 3) , and thus are more difficult to use for unambiguous classification.
However, conservation of residues is more readily apparent between two of three species in the N terminus when only the mouse, fish, and skate Spi-C genes are aligned (data not shown). The unusual nature of both the putative transactivation and DNA-binding domains supports the idea that Spi-C is subject to rapid divergence, as suggested previously (13) .
Lamprey Spi Gene Compared with Skate Genes. The diversified PU.1 family defined by the jawed vertebrate genes contrasts with the single, highly divergent Spi gene in the lamprey isolated from larval gut, a tissue rich in lymphocyte-like cells (13) . To identify potential additional family members in a jawless vertebrate, a lamprey protovertebral arch (supraneural body) cDNA library was screened with a pool of mouse PU.1 and skate PU.1 and Spi-C probes under low stringency conditions. Two cDNA clones of different lengths, which represent putative splice isoforms of the same PU.1 family member reported by Shintani et al. (13) , were identified. Additional PU.1 subfamily members were not found; however, it is possible that additional related genes are expressed in other tissues.
The Ets domain of the lamprey gene falls outside the PU.1͞ Spi-D͞Spi-B cluster (Fig. 1) . The most striking feature of the lamprey Spi gene, however, is the complete divergence of its N-terminal sequence from the N-terminal regions of any of the other genes (Fig. 3) . The lamprey Spi gene does include acidic and glutamine-rich domains in the N-terminal regions (Fig. 3) , but there is no sequence evidence for shared ancestry with the corresponding functional domains of the jawed vertebrate PU.1 family members. In contrast, the N-terminal domains of skate PU.1 show a high degree of similarity with the corresponding regions in all of the other vertebrate PU.1 orthologs (see Fig. 2 ). (42) . Fig. 4 shows that the skate PU.1 family members are expressed specifically in a number of hematopoietic tissues, whereas little to no expression is detected in the nonhematopoietic muscle. PU.1 is most abundant in the epigonal and Leydig organs, which are enriched in B cells and myeloid cells and depleted of T cells (2, 42) . PU.1 also is expressed at lower levels in intestine and spleen but is not detectable in the thymus, which is the site of T cell development as in mammals. By contrast, Spi-C is expressed abundantly only in the spleen, a tissue enriched for T cells and a particular subclass of B lineage cells distinct from those in Leydig and epigonal organs (42) . The expression of Spi-D closely resembles that of PU.1, with abundant expression in the Leydig and epigonal organs and only low expression in spleen. These results indicate strong resemblances between the skate and mammalian PU.1 family members in terms of the tissues where they are expressed.
Discussion
The sudden appearance of the adaptive immune response in the jawed vertebrates has been referred to as the ''Big Bang'' (34) . Polymorphic MHC, all four major classes of T cell receptors (␣, ␤, ␥, and ␦), multiple Ig isotypes, and an additional type of rearranging antigen receptor (NAR) are found in the cartilaginous fish, whereas no rearranging genes have been detected in jawless vertebrates or any invertebrates (3, 4) . Furthermore, Rag-1, which is essential for rearrangement, also is restricted to the jawed vertebrates and may have been acquired in a jawed vertebrate ancestor by horizontal transfer (35, 36) . A plausible scenario for the origin of lymphocytes involves recruitment of recently duplicated transcription factors for the developmental control of the new rearranging genes in cell types that previously served a related purpose but lacked clonal antigen-specific responses. The existence of at least three PU.1 family members in a cartilaginous fish, the skate, indicates that by the time T cells and B cells had evolved, one of the key transcription factors involved in their development had duplicated several times. Furthermore, the identification thus far of only one PU.1 family member far in the sea lamprey (ref. 13 and this report) indicates that the duplication of at least some of the family members occurred during the time that Ig, T cell receptor, and MHC arose.
Our identification of an additional member of the PU.1 family, Spi-D, brings this family to four members. The neighbor-joining tree of PU.1 family members indicates that the four paralogs described thus far (PU.1, Spi-B, Spi-C, Spi-D) did not arise by a simple series of binary duplications. A summary of the potential series of duplications leading to the current vertebrate complement of PU.1 family members, assuming relatively similar divergence rates, is shown in Fig. 5 . This scheme predicts that a PU.1 family member that resembles Spi-C more than PU.1 might be present in the lamprey or in a nonvertebrate deuterostome. The recent discovery of Spi-C in the mouse (12, 18) , fish (13) , and skate (this report) should facilitate efforts to isolate PU.1 family members from nonvertebrates.
The tissue specificities of the skate PU.1 family members are similar to those of their mammalian orthologs. In mice, PU.1 is expressed broadly in hematopoietic precursors and specifically in B cells and myeloid cells (24) , whereas Spi-B is largely lymphoidspecific with a strong bias toward expression in B cells (16) . Immature subsets of developing T cells express these genes transiently (37), but they are barely detectable in the whole thymus population (9, 16) . Murine Spi-C appears to be expressed most restrictively in specific stages of B cell development, in the spleen much more than in bone marrow or lymph node. Spi-C is not expressed in the thymus (12) . Although the ontogeny of the skate hematopoietic system is not understood in detail, and myeloid cells have not yet been tracked specifically, the tissues in which these genes are expressed do provide some indication as to cell-type specificity. The Leydig and epigonal organs, in which skate PU.1 and Spi-D are strongly expressed, are far more enriched for B cells than for T cells (42) , in agreement with the bias of mammalian PU.1 (and Spi-B) toward expression in the B lineage. However, the abundance of myeloid cells identified at the histological level in these tissues (2) is consistent with a role for PU.1 and͞or Spi-D in myeloid cells as well. As in mammals, all of the skate PU.1 family genes are largely silent in the thymus, in contrast to other hematopoietic sites. In addition, the spleenspecific expression pattern of skate Spi-C is strikingly reminiscent of the murine pattern. Analysis of the cell-type specificity of expression in the skate is at an early stage. However, the data presented here indicate that both the structure and the cell-type specific regulation of the PU.1 type genes are conserved.
The extent of structural conservation between the skate and mouse orthologs strongly implies functional conservation. This is especially compelling for PU.1. The mouse PU.1 gene has been mapped extensively in terms of its functional domains and their roles in myeloid development (26) (27) (28) , enabling a comparison of critical residues between the mouse and skate PU.1 orthologs. The conservation not only of the DNA-binding domain but also of the domains involved in transactivation and other key proteinprotein interactions (30, (38) (39) (40) in all PU.1 orthologs isolated thus far indicate that the cooperative interactions between PU.1 and other DNA-binding proteins probably have been conserved as well. The N-terminal regions of PU.1 mediate delicate balancing functions in mammalian hematopoietic development, for example, deciding whether a cell will develop as a B cell or as a macrophage (24, 27, 41) , or as an erythroid or myeloid precursor (40) . These central regulatory activities appear to result from finely titrated competitions among different regulatory partner proteins that interact with particular subregions of PU.1. The conservation seen in the skate PU.1 N-terminal domains emphasizes the strong selective pressure to maintain the sequences involved in these interactions even over long evolutionary spans. This implies that the basic ground rules for hematopoiesis are roughly similar in all jawed vertebrates. If the transcriptional networks in which PU.1 is involved are similar, then an ancient ancestor of jawed vertebrates already may have used many of the same regulatory components for hematopoietic development that are found in modern vertebrates.
It is this structural evidence for conserved interactions that is most conspicuously missing from the lamprey Spi gene. Although the Ets domain is conserved, there is no evidence that the remaining regions of the molecule have a common ancestry with the PU.1 family genes of jawed vertebrates. Therefore, it is unlikely that the lamprey gene encodes a full functional homolog of mammalian PU.1. Interestingly, the lamprey sequence contains both highly acidic and highly glutamine-rich domains, which may serve transactivation functions similar to those of the PU.1 domains of jawed vertebrates. However, these sequences differ completely from those of jawed-vertebrate PU.1 or Spi-B, in sharp contrast to the skate PU.1 in which blocks of highly conserved residues are found throughout the Q-rich and PEST core domains. In the lamprey Spi gene, the intron͞exon border flanking the Ets domain coding sequence corresponds to the beginning of the discontinuity between conserved and unrelated sequences. The most straightforward scenario is that the Ets domain exon became associated with new 5Ј flanking exons at some time between the divergence of the jawless vertebrates and the divergence of the cartilaginous fish, and that it is these new exons that conferred upon it the distinctive regulatory functions of the jawed vertebrate PU.1.
